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Abstract
Microorganisms are critically important for ecological processes in aquatic environments.
Bacteria and viruses are key components of the microbial loop and are central for biogeo‐
chemical cycles in aquatic ecosystems. Our group has been using transmission electron
microscopy (TEM) to study aquatic microorganisms in both natural tropical ecosystems
and cultures. In this review, we highlight structural aspects of freshwater bacteria, based
on TEM findings that have provided insights into the functional capabilities of these cells
in aquatic tropical ecosystems. First, we focus on TEM applied to the study of the ultra‐
structural diversity and morphological alterations of bacteria in response to environmen‐
tal stress. Second, we address the relationship between viruses and bacteria in freshwater
ecosystems. Third, we demonstrate by TEM that outer membrane vesicles (OMVs), struc‐
tures associated with cell secretion and cell communication, are released by aquatic bacte‐
ria into natural ecosystems and cultures. Thus, TEM has proven to be a powerful
technique to study aquatic microorganisms, contributing to the understanding of ecologi‐
cal processes, including regulation of bacterial populations, during different environmen‐
tal conditions.
Keywords: Transmission electron microscopy, freshwater bacteria, ultrastructure, aquatic
ecosystems, cell viability, cell death
1. Introduction
Aquatic microorganisms such as bacteria and viruses are critically important for ecological
processes, for example, carbon cycling and energy flow in aquatic environments [1]. Bacteria
are key components of the microbial loop in aquatic ecosystems, an alternative route of
dissolved organic matter and nutrient transfer to metazoan trophic levels and consequently
© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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influence the flow of carbon and energy within an ecosystem [2, 3]. Viruses are remarkably
abundant in aquatic ecosystems and within bacteria play an important role in the aquatic
microbial loop. Viruses can infect bacteria and act in their mortality, thus exerting a significant
control over aquatic bacterial and phytoplankton communities. Therefore, viruses can impact
the pathways of matter and energy transfer in aquatic ecosystems [4, 5].
The understanding of the functional capabilities of microorganisms in microbial food webs
and human health issues is largely dependent on methods applied to the direct visualization
of them during physiological and environmental stress conditions. For example, individual
imaging of bacteria is valuable to recognize bacterial viability and their physiological functions
at single-cell level [6]. Our group has been using transmission electron microscopy (TEM) to
study aquatic microorganisms, especially bacteria, from tropical ecosystems. The structural
organization of these organisms has been investigated in water samples directly collected from
natural environmental sites or kept in cultures. In this review, we highlight the ultrastructural
aspects of freshwater bacteria, based on TEM findings, which have provided insights into the
functional capabilities of these cells in aquatic tropical ecosystems.
2. Ultrastructure of freshwater bacteria: diversity and morphological
alterations in response to environmental stress
While observation of aquatic bacteria by light microscopy is an approach extensively used in
studies of planktonic bacteria, the ultrastructure of these organisms is not completely under‐
stood [7-9]. In the past, bacteria were considered as prokaryotic microorganisms with a very
simple ultrastructure. However, improvement of electron microscopy techniques and more
refined analyses have revealed well-defined structures and higher levels of cell organization
in bacteria [9].
In aquatic ecosystems, short-time physicochemical variations are frequent and affect environ‐
mental properties. Thus, bacterial communities need to be able to respond efficiently to
fluctuating conditions of the aquatic environment [5, 10, 11]. On the other hand, bacterial cells
can exhibit morphological and ultrastructural changes in response to environmental stress.
2.1. Ultrastructural diversity of bacteria from aquatic ecosystems
The morphological diversity of bacteria goes far beyond a simple description of the bacterial
shape, as frequently reported by ecological studies [12-16]. Bacteria from aquatic ecosystems
have a complex cell ultrastructure with a cell envelope enclosing a cytoplasm with a variety
of cell structures and compartments that can serve as organelles [17-19]. Freshwater bacteria,
in addition of showing typical structures in the cytoplasm, such as nucleoid, granules, and
lipid bodies, can exhibit intracellular membrane systems represented by mesosomes and
thylakoid membranes. External structures such as cell envelope with distinct compositions, S-
layer, external capsule, and extracellular vesicles, are also found in freshwater bacteria. The
main bacterial structures depicted by TEM are listed in Table 1.
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Structure Morphological Description Functions Figures
Cell envelope
A complex multilayered structure which envelopes
bacteria. Basically, there are two types of bacterial
cell envelopes: (1) Gram-positive, composed of
plasma membrane and cell wall and (2) Gram-
negative, composed of plasma membrane, periplasm
and outer membrane. Capsular structures and S-
layers may also constitute the cellular envelope.
This structure serves to
protect bacteria from their
unpredictable and often
hostile environment.
1A, 1Ai, 1B, 1Bi,
2A, 2Ai
Plasma
membrane
A bilayer membrane seen under TEM as a classical
trilaminar structure limiting the cell contents.
Plasma membrane acts as a
permeability barrier for
most molecules and serves
as sites for transport of
molecules into the cell. In
addition, it is functionally
associated with energy
conservation as the location
in which a proton motive
force is generated.
1A, 1Ai, 1B, 1Bi,
2A, 2Ai
Cell Wall
Structural layer adjacent to the plasma membrane
that appears as an electron-dense layer composed by
peptidoglycans (gram-positive envelope) or a
complex formed by periplasm and outer membrane
(gram-negative envelope).
Cell wall provides
structural integrity to the
cell and prevents osmotic
lysis.
1A, 1Ai, 1B, 1Bi,
2A, 2Ai
Periplasm
(periplasmic
space)
The periplasm is a concentrated gel-like matrix in the
space between the inner plasma membrane and the
bacterial outer membrane in gram-negative bacteria.
This space is called periplasmic space. Gram-positive
bacteria present this structure as a conspicuous space
between the plasma membrane and the cell wall.
Periplasm is filled with water and proteins and is
therefore somewhat reminiscent of the cytoplasm
Periplasmic proteins have
various functions in cellular
processes including cell
transport, cell degradation
and cell motility.
1A, 1Ai, 1B, 1Bi,
2A, 2Ai
S-Layer
Cell surface protein layer that is composed of a two-
dimensional array of proteins with a crystalline
appearance.
Uncertain functions. It has
been suggested that this
layer acts as a partial
permeability barrier for
large substrates and
provides resistance,
adhesion and stabilization
to the cell.
2A, 2Ai
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Capsule
Electron-lucent extracellular layer attached to the
cellular envelope. This layer is formed by an
exopolymeric matrix of polysaccharides.
Bacterial capsule has
important functions related
to cell recognition, defense
and virulence.
2B, 2Bi
Outer
Membrane
Outer bilayer membrane with a typical trilaminar
appearance, delimiting gram-negative bacteria, and,
for this reason, is a distinguishing feature of these
bacteria. It is adjacent to the periplasmic space. The
outer membrane composition differs from that of the
inner plasma membrane, being composed of
glycolipids, mainly lipopolysaccharides, which are
located at its outer leaflet.
This membrane acts as a
permeability barrier despite
containing many passive
transport channels. In
addition, contributes for the
increase of bacterial
virulence.
3A
Outer
Membrane
vesicles (OMVs)
Spherical or rod-shaped vesicles, which are released
from the outer membrane. OMVs are delimited by a
bilayer membrane with typical trilaminar aspect and
variable electron-density. OMVs can vary in size
from 20 to 300 nm in diameter.
OMVs may contain
proteins and other
molecules that are related
with cellular
communication, defense,
biofilm formation and DNA
transfer.
3A, 3B, 3Bi
Mesosomes Folded invaginations of the plasma membrane,which appear as tubular, vesicular or lamellar sacs.
Uncertain functions. It
seems associated with cell
division.
1A
Thylakoid
membranes
System of lamellar membranes located in a large
area of the cell cytoplasm.
These membranes serve as
sites for the photosynthetic
apparatus, enzymatic
systems and electron
transfer chains.
3A
Granules Appear as spherical electron-dense structures in thebacterial cytoplasm.
These structures store a
variety of organic and
inorganic compounds.
1B, 2B, 2Bi
Nucleoid
Non-delimited electron-lucent areas in the
cytoplasm. It is composed of DNA with a small
amount of RNA and proteins.
Regulator center of cellular
activities and cell
replication.
1A, 1B, 2B, 2Bi
Gas Vesicles
Cylindrical tubes closed by conical end caps with
perimeter size varying from 45 to 200 nm. They are
mostly restricted to planktonic microorganisms
(cyanobacteria and some bacterial species).
Gas vesicles promote cell
buoyance in aquatic
environments and enable
vertical migration of
cyanobacteria.
-
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Lipid Bodies Electron-dense or electron-lucent sphericalorganelles surrounded by a half-unit membrane.
Lipid bodies store
lipophilic compounds that
are used as metabolic
energy. However, they
might be related with other
more complex yet unclear
functions in prokaryotes
and may have associated
proteins.
-
Flagella
Tubular filamentous structures attached to the cell
surface. It is better observed by TEM when samples
are negatively stained.
The flagellar filament is
rotated by a motor
apparatus in the plasma
membrane and allows the
motility of the cell in
aquatic environments.
-
Table 1. Main ultrastructural components of freshwater bacteria
TEM has been helping to understand the ultrastructural diversity among bacteria from aquatic
ecosystems, associated with the presence of different internal and external structures. Our
studies from tropical aquatic ecosystems have shown that ultrastructural diversity is an
important aspect to be considered for better understanding of the role of these microorganisms.
For example, variations in the cytoplasmic electron density (Figures 1 and 2) are frequently
observed in freshwater bacteria and might reflect different stages of metabolism and/or
differential molecular compositions. We also found a substantial variation in the bacterial cell
envelope thicknesses (Figure 1) and compositions (Figures 1 and 2A), which are related to the
presence of gram-positive and gram-negative bacteria, both commonly found in aquatic
ecosystems. Our quantitative TEM analyses revealed a significant proportion of bacteria with
a limiting capsule (Figure 2B and 2Bi). Our data showed that 31 % of freshwater bacteria had
capsular structures [20]. This frequency is higher than that found in marine bacteria (7–27 %)
[21-23]. This structural component is important for multiple functions, such as cell interaction
with the environment, absorption and storage of nutrients, barrier against toxic agents from
the medium and predation, and protection from viral infection and biofilm formation.
Moreover, some bacteria showed particles adhered to the bacterial capsular structure (Figure
2v and 2Bi), which may be indicative of a survival strategy important for acquisition of organic
or inorganic nutrients and protection against predators [24]. The well-defined coating formed
by particles around bacteria, revealed by TEM observations, may act as an important micro‐
environment that is not identified by other techniques and open new frontiers in the under‐
standing of bacterial ecology [25].
An interesting ultrastructural observation is the presence of membranous secretory vesicles
projecting from the bacterium outer membrane into the extracellular medium in samples from
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both natural environments and cultures (Figures 3A and 3B). This particular aspect is discussed
in more detail in Section 3.0.
TEM also revealed that bacteria from aquatic ecosystems may exhibit a consistent system of
endomembranes, — mesosomes and/or thylakoid membranes in the bacterial cytoplasm.
Mesosomes (Figure 1A, arrow), considered as artifacts in the past, have, more recently, been
receiving increasing attention because of their association with some cell functions, such as
chromosome segregation during cell division. Intriguingly, mesosomes have been document‐
ed in bacteria in response to stress conditions [26]. The presence of thylakoids is a distinct
morphological feature, found in cyanobacteria and a small group of bacteria [27] (Figure 3B).
These endomembranes have a crucial function related to metabolic processes, particularly
photosynthesis. Because thylakoids are unambiguously identified in high resolution by TEM,
this technique is a reliable tool to distinguish between heterotrophic and autotrophic aquatic
prokaryotes in environmental samples. Routine evaluation of these types of organisms
currently relies on the use of light microscopy and appropriate fluorochromes, which do not
enable detailed visualization of the thylakoids.
Our TEM data reinforce the fact that bacteria constitute structurally complex organisms and
denote the functional complexity of these microorganisms, likely related to their metabolic and
adaptive diversity [2, 24].
2.2. Ultrastructural alterations and death of bacteria in response to environmental stress
The physiological state of bacteria is an important parameter in aquatic ecosystems to under‐
stand variations on microbial communities and their potential impact on the food web and
fluctuations in geochemical cycles in which these microorganisms are involved. Bacterial
communities from aquatic ecosystems cannot be restrictively categorized as active or inactive,
Figure 1. Ultrastructural views of aquatic bacteria collected from an Amazonian ecosystem. (A and B) In the cytoplasm
(Cy), observe typical compartments and structures, as nucleoid (N), mesosomes (arrow), and granule (Gr). In (Ai) and
(Bi), note the cell envelopes with different thicknesses and composed of plasma membrane (highlighted in yellow) and
cell wall (red), with (Ai) and without (Bi) periplasmic space (green). Bacteria also show the cytoplasm with distinct
electron-density. Reprinted from ref. [20] with permission. Scale bar: 160nm (A), 60nm (B), 120nm (Ai), and 30nm (Bi).
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since these cells present a continuous variation of their physiological state. From an ecological
point of view, bacteria can be distinguished within microbial communities as viable/live cells,
which play a functional role and participate in the production of biomass or dead cells, which
no longer play a role in secondary production [28]. It is well documented a continuum of
physiological status of bacterial life and death in aquatic ecosystems and a great variation in
bacterial viability depending on factors such as heterogeneity of bacterial populations,
environmental stress, nutrient competition and predation [6, 28-30].
Live/dead bacteria can be characterized by: (i) presence/absence of structures, (ii) genetic
parameters, (iii) metabolism or functional activity, and (iv) reproduction and growth viability
Figure 2. Ultrastructural components of freshwater bacteria. (A and Ai) A cultured bacterium shows the cell envelope
composed by plasma membrane (highlighted in yellow), cell wall (red, and S-layer (purple). (B and Bi) Substratum
particles (highlighted in red in Bi) are seen as an adhered coating localized externally to the capsular structure (high‐
lighted in green in Bi) of a bacterium collected from a natural environment. Typical bacterial structures such as nucle‐
oid (N) and granule (Gr) are observed in the cytoplasm (Cy). Figure 2B was reprinted from ref. [20] with permission.
Scale bar: 130 nm.
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[31]. Yet, under an ecological perspective, the definition of bacterial life/death in aquatic
ecosystems relies mostly on cell viability and growth analyses [32-36].
Although epifluorescence microscopy became the standard method for evaluating environ‐
mental bacteria death through indirect quantification of bacterial concentration (35-37), this
approach, which is based on the use of routine fluorochromes such as DAPI and Acradine
Orange, do not enable accurate assessment of the viability state of bacterial cells and may
highlight other particles that are not necessarily bacteria (38). Moreover, this technique does
not consider physiological aspects of bacterial cells [37-39]. More recently, other bacterial
counting methods, which use more specific fluorescent dyes that consider the physiological
aspects of bacterial cells, have been described [40]. However, TEM is the only technique with
sufficient resolution to reveal morphological aspects indicative of cell viability and physiology,
Figure 3. Ultrastructure of gram-negative bacteria from aquatic ecosystems. Observe in (A), a typical gram-negative
envelope of a bacterium exhibiting plasma membrane (highlighted in blue), periplasmic space with periplasmic layer
(green) and outer membrane (yellow). In (B), an autotrophic aquatic bacterium shows thylakoids membranes (T), or‐
ganized as a system of membranes in the bacterium cytoplasm. Note in (A) and (Bi) the formation of secretory vesicles
from the bacterial outer membrane (arrows) and the release of vesicle contents into the extracellular environment (ar‐
rowhead in Bi). The trilaminar aspect of the outer membrane (highlighted in yellow) is clearly observed in high magni‐
fication in (Bi). Figure 3B was reprinted from ref. [20] with permission. Scale bar: 80 nm (A, Bi), 200 nm (B).
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enabling the detection of cell alterations that occur even before cell lysis. Therefore, bacteria
with intact structures and bacteria presenting damaged cellular structures can be considered
live or in process of death, respectively.
By studying impacted freshwater ecosystems in Brazil: Batata Lake (Amazonian region) that
received tremendous amounts of bauxite tailings from a mining operation [41], and Funil
Reservoir (Rio de Janeiro state) that received industrial, domestic, and erosive process effluents
[42], we found several ultrastructural aspects indicative of bacterial cell death. The most
frequent bacterial changes in response to environmental stress were: clumped granules (Figure
4A), cytoplasmic condensation (Figure 4B), structural damage of the cell envelope (Figure 4B),
loss of cell shape (Figure 4C), and cell elongation (Figure 4D). Bacteria lacking internal
structures known as “ghost bacteria” [43] were also observed (Figure 4A). Therefore, ultra‐
structural analyses were revealing in clarifying the effects of environmental stress on bacterial
cell structures and bacterial dynamics in aquatic ecosystems.
2.3. Visualizing virus-infected bacteria in aquatic ecosystems
Viruses are the smallest biological entities known. They are intracellular parasites, which can
infect prokaryotic or eukaryotic cells. Viruses are ubiquitous in aquatic ecosystems, and
increasing attention has been paid on their role in aquatic food webs since it was discovered
that they are the most abundant aquatic components. Because viruses play an important
biogeochemical function by releasing dissolved organic matter and nutrients through host cell
lysis, they can affect various ecological factors, such as ecosystem respiration, primary
production, genetic transfer between microorganisms, and species distribution [5].
TEM studies frequently report the occurrence of viral particles infecting bacteria termed
bacteriophages [4, 29, 44]. Viruses are seen by TEM as small electron-dense particles with
varied shapes and perimeter size varying from 20–200 nm (Figure 5). Viruses consist of genetic
material (DNA or RNA, single- or double-stranded) surrounded by a protein coat (some also
have lipids) [45]. They act on the control of bacterial population and are responsible for 40%
of bacterial mortality in aquatic ecosystems [4, 46].
Bacteriophages have basically two different life cycles considering the onset of a viral infection
until lysis of host cell: (1) Lytic cycle: viruses attach to host bacteria and inject their genetic
material (DNA or RNA) into the cell, then they drive the host to produce numerous progeny
viruses leading to bacterial cell burst and infection spreading to other cells. (2) Lysogenic cycle:
viral genome integrates the genome of host bacteria and reproduces as genetic material
without cell lyses. In this case, stress to the host bacteria can trigger a switch to lytic infection
(lysogenic ↔  lytic) [5].
Our group has been investigating the relationship of virus—bacteria by TEM and has dem‐
onstrated an important correlation among free-living bacteria and virus in an Amazonian
ecosystem (Batata Lake) [44]. Although there is a growing body of research on aquatic viral
ecology, little is known about viral function in tropical ecosystems, particularly in Amazon
environments [44, 47]. TEM revealed the occurrence of viruses with nearly spherical heads and
without tails (Figure 5). The structure of the virus capsid with its repetitive morphological
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units occasionally could be observed in some cells (Figure 5, boxed area). On the other hand,
some infected bacteria lacked an intact cell membrane or were partially empty. This morpho‐
logical aspect indicates that viruses can induce bacterial cell death, which is associated with
the lytic cycle of the virus in aquatic environments.
Figure 4. Bacteria from impacted aquatic environments show clear ultrastructural alterations. In (A), a damaged bac‐
terium with clumped granules (Gr) is seen between two “ghost” bacteria, characterized by the presence of an empty
cytoplasm (*). Bacteria-associated cellular debris is observed (A, white arrowhead). In (B), note bacterial cytoplasmic
condensation (arrow) and loss of cell shape while in (C) a clear structural damage of the cell envelope is observed (ar‐
rowheads). Cell elongation is shown in (D). Water samples were collected from Batata Lake (Amazonian region, Bra‐
zil), immediately fixed and processed for TEM as ref. [20]. Scale bar: 180 nm (A, B, and C) and 350 nm (D).
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Our data demonstrated that a variable number of phages are present within virus-infected
bacteria. TEM quantitative analyses showed that 34.2% of bacteria had viruses in the cytoplasm
(Figure 5), with 10.0 ± 3.5 (mean ± SEM) phages per cell-section. Additionally, we have found
virus-infected bacteria in cultured samples from Funil Reservoir, indicating that the presence
of viruses in tropical ecosystems is a broad event.
Several environmental factors, including solar radiation and temperature, can influence viral
abundance. Exposure to UV radiation decreases viral abundance, while low temperatures
decrease their capability of infection in aquatic ecosystems [48-50]. It is also described that the
increase of organic matter and anthropogenic pollutants increase the abundance of viral
particles in water environments [44, 47, 51].
Altogether, our ultrastructural data showed a variable number of viruses within the bacterial
cytoplasm, which demonstrates a clear interaction between these organisms. Assessment of
viral production and virally caused mortality of bacteria are crucial parameters to understand
the detailed role of viruses in food webs.
Figure 5. A virus-infected bacterium from an aquatic ecosystem shows several phages. The boxed area shows the
virus capsid structure at high magnification. Note that the capsid is composed of repetitive morphological units (high‐
lighted in blue at a higher magnification). The trilaminar structure of the plasma membrane is partially observed (ar‐
rows). Scale bar: 266 nm, 80 nm (Box, virus at high magnification), and 40 nm (Box, highlighted in blue). Reprinted
from ref. [44] with permission.
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3. Production of outer membrane vesicles by freshwater bacteria
In recent years, the extracellular release of membrane-bound vesicles by prokaryotic cells has
become the subject of great interest. In prokaryotes, these vesicles are frequently extruded from
the outer membrane (OM) of gram-negative bacteria and cyanobacteria, and, for this reason,
they are known as outer membrane vesicles (OMVs). By TEM, OMVs appear as spherical or
rod-shaped vesicles enveloped by a double membrane with variable electron-density content
and diameter size varying from 20 to 300 nm [52-54] (Figure 3).
OMVs have been shown to contribute to diverse bacterial processes, such as pathogenesis [55,
56], cellular defense [53, 57], cell-to-cell communication [58], and DNA transfer [52, 59]. OMVs
are able to store and transport a broad range of cargo repertory from bacterial periplasm and
cytoplasm, that can explain the variable electron-density observed by TEM. Thus vesicular
transport represents a relevant signal trafficking system in prokaryotes (reviewed in [54, 60]).
Despite the numerous ways in which vesicles may affect microbial communities, their
abundance and potential functions in aquatic ecosystems remain unknown. Recently, these
vesicles were recognized as abundant and important to carbon flux in marine ecosystems [61].
Vesicle release occurs during the normal growth of many species, and although growth
conditions, stressors, and membrane structure can influence the number of vesicles produced,
the regulation of vesicle production is still unclear.
By studying microorganisms from freshwater ecosystems in both natural environmental and
cultures through TEM, we have identified a consistent production of OMVs by bacteria [20].
These vesicles were round, delimited by classical membrane with trilaminar appearance, and
exhibited morphology similar to those described on the surfaces of other bacterial species [52]
(Figure 3). They appeared attached to the outer membrane of the bacteria with typical gram-
negative envelope or free in the extracellular environment (Figure 3).
Our data from samples collected from Batata Lake suggest that OMV-mediated secretion is an
important cell process of freshwater bacteria (Figure 3). Although the function of OMV remains
to be defined, these secretory vesicles, observed for the first time by us in aquatic bacteria from
a tropical ecosystem [20], may be important for bacterial survival and inhibition of lysis
induced by viral infection that is relevant in this ecosystem [44], as mentioned before. More‐
over, OMVs may be relevant in the transport of products involved in the formation of the cell
wall, inhibition of toxic components present in the surrounding environment, and formation
of biofilms. They may also be associated with delivery of enzymes for nutrients acquisition
and autolysins for degradation of other bacteria favoring the competition for niches. All these
environmental factors may be more prominent in an impacted ecosystem.
4. Concluding remarks and perspectives
Although our understanding of the biological aspects of bacteria from aquatic ecosystems has
advanced significantly, our knowledge of the structural organization of these ecologically
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important microorganisms is still incomplete. It is unknown how bacteria differ in their cellular
architecture and respond at the structural level to abiotic and biotic stress in aquatic environ‐
ments. This knowledge is essential for an integrative understanding of the bacterial physiology
and ecology. TEM has helped to elucidate the internal organization of aquatic bacteria at the
nanometer scale. Earlier views of the ultrastructure of these microorganisms, considered in
the past as cells with a very simple structure, are now being expanded to encompass a new
understanding of their multifunctional activities and cellular complexity. Our results from
environmental and culture-based TEM studies have revealed an ultrastructurally diverse
population of bacteria in freshwater ecosystems, characterized by distinct cytoplasmic and
external structures. The recognition that these microorganisms have cytoplasmic membranes
and are able to release membrane-bound vesicles may be crucial to the understanding of their
functional capabilities. Several aspects of the bacteria life remain to be defined. For example,
it is not understood how bacteria interact with each other in aquatic ecosystems. Is there a
regulated vesicular transport-mediated secretion from/to bacterium? If yes, can this pathway
be blocked or stimulated by a cell stressor? These and other aspects, including the bacterial
responses to several environmental stresses, mechanisms of bacterial cell death and the
bacteria—viruses interaction, need to be investigated in more detail so that the functional
significance of bacteria and other microorganisms from aquatic ecosystems can be fully
appreciated as critical regulators of ecological processes.
Acknowledgements
The works of the authors were supported by Conselho Nacional de Desenvolvimento Cientí‐
fico e Tecnológico (CNPq, Brazil) and Fundação de Amparo à Pesquisa do Estado de Minas
Gerais (FAPEMIG, Brazil).
Author details
Thiago P. Silva, Juliana P. Gamalier and Rossana C.N. Melo*
*Address all correspondence to: rossana.melo@ufjf.edu.br
Laboratory of Cellular Biology, Department of Biology, Federal University of Juiz de Fora
(UFJF), Juiz de Fora, MG, Brazil
References
[1] Fenchel T. The microbial loop–25 years later. Journal of Experimental Marine Biology
and Ecology. 2008;366(1):99–103.
TEM as an Important Tool to Study Aquatic Microorganisms and their Relationships with Ecological Processes
http://dx.doi.org/10.5772/61804
219
[2] Azam F. Microbial control of oceanic carbon flux: the plot thickens. Science.
1998;280:694–6.
[3] Pomeroy LR. The ocean's food web, a changing paradigm. Bioscience. 1974;24(9):499–
504.
[4] Fuhrman JA, Noble RT. Viruses and protists cause similar bacterial mortality in
coastal seawater. Limnology Oceonography. 1995;40(7):1236–42.
[5] Fuhrman JA. Marine viruses and their biogeochemical and ecological effects. Nature.
1999;399:541–8.
[6] Joux F, Lebaron P. Use of fluorescent probes to assess physiological functions of bac‐
teriaat single-cell level. Microbes and Infection. 2000;2(12):1523–35.
[7] Moriarty DJW, Hayward AC. Ultrastructure of bacteria and the proportion of Gram-
negative bacteria in marine sediments. Microbial Ecology. 1982;8(1):1–14.
[8] Nell RM, Szymanowski JE, Fein JB. The effects of bacterial surface adsorption and
exudates on HgO precipitation. Geomicrobiology Journal. 2015(just-accepted):00-.
[9] Hoppert M, Mayer F. Principles of macromolecular organization and cell function in
bacteria and Archaea. Cell Biochemistry and Biophysics. 1999;31:247–85.
[10] Ram ASP, Sime-Ngando T. Functional responses of prokaryotes and viruses to graz‐
er effects and nutrient additions in freshwater microcosms. The ISME Journal.
2008;2(5):498–509.
[11] Rodriguez-Brito B, Li L, Wegley L, Furlan M, Angly F, Breitbart M, et al. Viral and
microbial community dynamics in four aquatic environments. The ISME journal.
2010;4(6):739–51.
[12] Balkwill DL. Numbers, diversity, and morphological characteristics of aerobic, che‐
moheterotrophic bacteria in deep subsurface sediments from a site in South Carolina.
Geomicrobiology Journal. 1989;7(1-2):33–52.
[13] Nakahara A, Shimada Y, Wakita J-i, Matsushita M, Matsuyama T. Morphological di‐
versity of the colony produced by bacteria Proteus mirabilis. Journal of the Physical
Society of Japan. 1996;65(8):2700–6.
[14] Vandamme P, Pot B, Gillis M, De Vos P, Kersters K, Swings J. Polyphasic taxonomy,
a consensus approach to bacterial systematics. Microbiological reviews. 1996;60(2):
407–38.
[15] Jürgens K, Pernthaler J, Schalla S, Amann R. Morphological and compositional
changes in a planktonic bacterial community in response to enhanced protozoan
grazing. Applied and environmental microbiology. 1999;65(3):1241–50.
Modern Electron Microscopy in Physical and Life Sciences220
[16] Pinho MG, Kjos M, Veening J-W. How to get (a) round: mechanisms controlling
growth and division of coccoid bacteria. Nature reviews microbiology. 2013;11(9):
601–14.
[17] Kerfeld CA, Sawaya MR, Tanaka S, Nguyen CV, Phillips M, Beeby M, et al. Protein
structures forming the shell of primitive bacterial organelles. Science. 2005;309(5736):
936–8.
[18] Bobik TA, Lehman BP, Yeates TO. Bacterial microcompartments: widespread pro‐
karyotic organelles for isolation and optimization of metabolic pathways. Molecular
microbiology. 2015.
[19] Kerfeld CA, Erbilgin O. Bacterial microcompartments and the modular construction
of microbial metabolism. Trends in microbiology. 2015;23(1):22–34.
[20] Silva TP, Noyma NP, Duque TL, Gamalier JP, Vidal LO, Lobão LM, et al. Visualizing
aquatic bacteria by light and transmission electron microscopy. Antonie van Leeu‐
wenhoek. 2014:1–14.
[21] Heissenberger A, Leppard GG, Herndl GJ. Relationship between the intracellular in‐
tegrity and the morphology of the capsular envelope in attached and free-living ma‐
rine bacteria. Applied and Environmental Microbiology. 1996;62(12):4521–8.
[22] Stoderegger KE, Herndl GJ. Visualization of the exopolysaccharide bacterial capsule
and its distribution in oceanic environments. Aquatic Microbial Ecology. 2001;26(2):
195–9.
[23] Cowen J. Morphological study of marine bacterial capsules: implications for marine
aggregates. Marine Biology. 1992;114(1):85–95.
[24] Grossart HP, Tang KW. www.aquaticmicrobial.net. Communicative & Integrative Bi‐
ology. 2010;3(6):491–4.
[25] Grossart HP. Ecological consequences of bacterioplankton lifestyles: changes in con‐
cepts are needed. Environmental Microbiology Reports. 2010;2(6):706–14.
[26] Hartmann M, Berditsch M, Hawecker J, Ardakani MF, Gerthsen D, Ulrich AS. Dam‐
age of the bacterial cell envelope by antimicrobial peptides gramicidin S and PGLa as
revealed by transmission and scanning electron microscopy. Antimicrobial agents
and chemotherapy. 2010;54(8):3132–42.
[27] Drews G, Dawes EA. Molecular biology of membrane-bound complexes in phototro‐
phic bacteria: Springer science & business media; 2013.
[28] Smith EM, del Giorgio PA. Low fractions of active bacteria in natural aquatic com‐
munities? Aquatic microbial ecology. 2003;31(2):203–8.
[29] Sawstrom C, Pearce I, Davidson AT, Rosen P, Laybourn-Parry J. Influence of envi‐
ronmental conditions, bacterial activity and viability on the viral component in 10
Antarctic lakes. FEMS Microbiology Ecology. 2008;63(1):12–22.
TEM as an Important Tool to Study Aquatic Microorganisms and their Relationships with Ecological Processes
http://dx.doi.org/10.5772/61804
221
[30] Romanova N, Sazhin A. Methodological aspects of the determination of the bacterio‐
plankton number, biomass, and production. Oceanology. 2011;51(3):518–27.
[31] Nebe-von Caron G, Badley RA. Viability assessment of bacteria in mixed populations
using flow cytometry. Journal of Microscopy: Oxford. 1995;179:55–66.
[32] Haglund A-L, Lantz P, Törnblom E, Tranvik L. Depth distribution of active bacteria
and bacterial activity in lake sediment. FEMS Microbiology Ecology. 2003;46(1):31–8.
[33] Signoretto C, Burlacchini G, Pruzzo C, Canepari P. Persistence of enterococcus faeca‐
lis in aquatic environments via surface interactions with copepods. Applied and en‐
vironmental microbiology. 2005;71(5):2756–61.
[34] Hammes F, Berney M, Egli T. Cultivation-independent assessment of bacterial viabil‐
ity. High resolution microbial single cell analytics: Springer; 2011. p. 123–50.
[35] Foladori P, Bruni L, Tamburini S. Bacteria viability and decay in water and soil of
vertical subsurface flow constructed wetlands. Ecological Engineering. 2015;82:49–56.
[36] Vezzulli L, Pezzati E, Stauder M, Stagnaro L, Venier P, Pruzzo C. Aquatic ecology of
the oyster pathogens Vibrio splendidus and Vibrio aestuarianus. Environmental mi‐
crobiology. 2015;17(4):1065–80.
[37] Ross J, Boon P, Sharma R, Beckett R. Variations in the fluorescence intensity of intact
DAPI‐stained bacteria and their implications for rapid bacterial quantification. Let‐
ters in applied microbiology. 1996;22(4):283–7.
[38] Mostajir B, Dolan JR, Rassoulzadegan F. A simple method for the quantification of a
class of labile marine pico-and nano-sized detritus: DAPI Yellow Particles (DYP).
Aquatic Microbial Ecology. 1995;9(3):259–66.
[39] Yan X, Yu M, Wu L, Huang T, Wang S. Rapid detection and enumeration of total
bacteria in drinking water and tea beverages by a laboratory-built high-sensitivity
flow cytometer. Analytical Methods. 2015.
[40] Senjarini K, Karsten U, Schumann R. Application of fluorescence markers for the di‐
agnosis of bacterial abundance and viability in aquatic ecosystem. Journal of Micro‐
biology Research. 2013;3(4):143–7.
[41] Esteves F, Enrich-Prast A, Biesboer D. Potential denitrification in submerged natural
and impacted sediments of Lake Batata, an Amazonian lake. Hydrobiologia.
2001;444(1-3):111–7.
[42] Rocha MIA. Avaliação de fatores que contribuem para a dominância de cianobacté‐
rias no reservatório do Funil e preposição de medidas para melhoria da qualidade da
água.: Instituto de Biofísica Carlos Chagas Filho; 2012.
[43] Zweifel UL, Hagstrom A. Total counts of marine bacteria include a large fraction of
non-nucleoid-containing bacteria (ghosts). Applied and Environmental Microbiolo‐
gy. 1995;61(6):2180–5.
Modern Electron Microscopy in Physical and Life Sciences222
[44] Barros NO, Farjalla VF, Soares MC, Melo RCN, Roland F. Virus-bacterium coupling
driven by both Tubidity and hydrodynamics in an Amazonian floodplain lake. Ap‐
plied and Environmental Microbiology. 2010;76(21):7194–201.
[45] Bradley DE. Ultrastructure of bacteriophage and bacteriocins. Bacteriological re‐
views. 1967;31(4):230.
[46] Weinbauer MG. Ecology of prokaryotic viruses. FEMS Microbiology Review.
2004;28(2):127–81.
[47] Almeida RM, Roland F, Cardoso SJ, Farjalla VF, Bozelli RL, Barros NO. Viruses and
bacteria in floodplain lakes along a major Amazon tributary respond to distance to
the Amazon River. Frontiers in microbiology. 2015;6.
[48] Grabow W. Bacteriophages: update on application as models for viruses in water.
Water SA. 2004;27(2):251–68.
[49] Häder D-P, Williamson CE, Wängberg S-Å, Rautio M, Rose KC, Gao K, et al. Effects
of UV radiation on aquatic ecosystems and interactions with other environmental
factors. Photochemical & Photobiological Sciences. 2015;14(1):108–26.
[50] Häder D-P, Kumar H, Smith R, Worrest R. Effects of solar UV radiation on aquatic
ecosystems and interactions with climate change. Photochemical & Photobiological
Sciences. 2007;6(3):267–85.
[51] Danovaro R, Corinaldesi C. Sunscreen products increase virus production through
prophage induction in marine bacterioplankton. Microbial ecology. 2003;45(2):109–
18.
[52] Pérez-Cruz C, Carrión O, Delgado L, Martinez G, López-Iglesias C, Mercade E. New
type of outer membrane vesicle produced by the Gram-negative bacterium Shewa‐
nella vesiculosa M7T: implications for DNA content. Applied and environmental mi‐
crobiology. 2013;79(6):1874–81.
[53] Manning AJ, Kuehn MJ. Contribution of bacterial outer membrane vesicles to innate
bacterial defense. BMC microbiology. 2011;11(1):258.
[54] Kulp A, Kuehn MJ. Biological functions and biogenesis of secreted bacterial outer
membrane vesicles. Annual review of microbiology. 2010;64:163.
[55] Rivera J, Cordero RJ, Nakouzi AS, Frases S, Nicola A, Casadevall A. Bacillus anthra‐
cis produces membrane-derived vesicles containing biologically active toxins. Pro‐
ceedings of the National Academy of Sciences. 2010;107(44):19002–7.
[56] Kolling GL, Matthews KR. Export of virulence genes and Shiga toxin by membrane
vesicles of Escherichia coli O157: H7. Applied and environmental microbiology.
1999;65(5):1843–8.
[57] Baumgarten T, Vazquez J, Bastisch C, Veron W, Feuilloley MG, Nietzsche S, et al. Al‐
kanols and chlorophenols cause different physiological adaptive responses on the
TEM as an Important Tool to Study Aquatic Microorganisms and their Relationships with Ecological Processes
http://dx.doi.org/10.5772/61804
223
level of cell surface properties and membrane vesicle formation in Pseudomonas pu‐
tida DOT-T1E. Applied microbiology and biotechnology. 2012;93(2):837–45.
[58] Mashburn LM, Whiteley M. Membrane vesicles traffic signals and facilitate group ac‐
tivities in a prokaryote. Nature. 2005;437(7057):422–5.
[59] Rumbo C, Fernandez-Moreira E, Merino M, Poza M, Mendez JA, Soares NC, et al.
Horizontal transfer of the OXA-24 carbapenemase gene via outer membrane vesicles:
a new mechanism of dissemination of carbapenem resistance genes in Acinetobacter
baumannii. Antimicrob Agents Chemother. 2011;55(7):3084–90.
[60] Haurat MF, Elhenawy W, Feldman MF. Prokaryotic membrane vesicles: new insights
on biogenesis and biological roles. Biological chemistry. 2015;396(2):95–109.
[61] Biller SJ, Schubotz F, Roggensack SE, Thompson AW, Summons RE, Chisholm SW.
Bacterial vesicles in marine ecosystems. Science. 2014;343(6167):183–6.
Modern Electron Microscopy in Physical and Life Sciences224
